Aims Stress urinary incontinence (SUI) is common in post-menopausal women. The present study therefore examined how aging and estrogen deficiency induced by ovariectomy (OVX) affect the urethral continence mechanism that prevents sneeze-induced SUI in rats.
Introduction
Stress urinary incontinence (SUI) is common in post-menopausal women, suggesting that aging and estrogen deficiency contribute to its etiology (1, 2) . Circulating estrogen levels fall at menopause, but there is conflicting evidence whether voiding symptoms in these women are related to hypoestrogenism or to aging per se. Moreover, limited information is available for detailed pathophysiological effects of these etiological factors on urethral function.
Our group previously reported in rats that an active urethral closure mechanism prevents SUI during the sneeze reflex, and that the sneeze-induced continence reflex is mediated by somatic nerve-induced reflex contractions of the external urethral sphincter and pelvic floor striated muscles (3) . Using this model system, we also reported that ovariectomy (OVX) impairs the urethral function by reducing urethral baseline pressure (UBP) and urethral responses to sneezing to induce sneeze-induced SUI at 6 weeks after OVX in young rats (4) . However, it is not known whether OVX-induced changes in the urethral continence function are affected by the aging process.
The present study therefore utilized physiological and histological methods to examine how aging and estrogen deficiency induced by OVX affect the urethral continence mechanism that prevents sneeze-induced SUI using young and middle-aged rats.
Materials and methods

Animals, study design
Young (3 months old) and middle-aged (12 months old) female Sprague-Dawley rats underwent bilateral OVX or sham operation (laparotomy and wound closure) as previously reported (4) . After 3 or 6 weeks of OVX, urethral responses and immunohistochemical analyses were performed. The experimental schedule and the number of animals are shown in Fig. 1 . Although we used sham operated rats as a control group in young rats, intact rats were used as controls in the middle-aged group because our preliminary experiments in middle-aged rats did not reveal significant differences in functional and morphological properties of the urethra between sham operated and intact rats. All experimental protocols were approved by the University of Pittsburgh Institutional Animal Care and Use Committee.
Surgical Procedures for experiments
The surgical techniques for urethral function testing were similar to those described previously (4, 5) . Briefly, under isoflurane anesthesia, a polyethylene catheter (PE-10, Clay-Adams, Parsippany, NJ) was inserted into the jugular vein for maintaining anesthesia.
The bladder was exposed through an abdominal incision, ureters were cut bilaterally, and their distal ends were ligated. The visceral branches of the pelvic nerves were transected bilaterally near the internal iliac vessels to prevent reflex bladder contractions. For the measurement of leak point pressure during sneezing (S-LPP), a PE-90 catheter connected to a pressure transducer (Transbridge 4M, World Precision Instruments, Sarasota, FL) was inserted into the bladder through the bladder dome for recording intravesical pressure. A handmade balloon catheter with a 1 cm-diameter balloon connected to a pressure transducer was then inserted through a rectal incision into the abdominal cavity to record abdominal pressure (Pabd) during sneezing. The abdomen was then closed with sutures. Rats were then placed in a supine position for experimental testing.
Measurements of urethral pressure responses
The sneeze reflex was induced by inserting a rat's whisker gently into the nostril under urethane anesthesia as we previously reported (4, 5) . After the bladder was emptied, a 3.5-Fr nylon catheter with a side-mounted microtransducer located 1 mm from the catheter tip (SPR-524, Millar Instruments, Houston, TX) was inserted into the middle portion of the urethra (10-15 mm from the urethral orifice), and urethral responses were recorded with data-acquisition software (sampling rate 400 Hz; Chart, AD Instruments, Castle Hill, NSW, Australia) on a computer system equipped with an analog-to-digital converter (Power Lab, AD Instruments, Colorado Springs, CO). During experiment, rats were anesthetized by the urethral baseline pressure (UBP) were measured, as described in our previous reports (4, 5) .
S-LPP (sneeze-induced leak point pressure)
In a separate group of rats, the bladder was emptied and 0.4 ml of saline solution containing Evans blue (100 mg/ml; Sigma, St. Louis, MO) was injected into the bladder through the intravesical catheter. The sneeze reflex was induced to examine whether fluid leakage from the urethral orifice was induced by sneezing. Intravesical pressure changes were recorded to monitor the increase in abdominal pressure during sneezing with the data acquisition software (sampling rate 400 Hz; Chart, AD Instruments) on a computer system described above. The maximal intravesical pressure was measured in each sneeze event, and the lowest pressure value that induced fluid leakage from the urethral orifice was defined as S-LPP.
Detection of apoptosis
Cells containing fragmented DNA were visualized in urethral sections using the terminal deoxynucleotidyl transferase (TdT) mediated deoxyuridine triphosphate nick end-labeling method (TUNEL) using an ApopTag-In Situ Apoptosis Detection Kit (Chemicon, Temecula, CA, USA). In brief, frozen sections of the middle urethra were cut at 10 μm thickness, washed twice with 50 mM PBS, immersed in 0.5% Triton for 15 min, washed twice, and digested with proteinase K (20 mug ml-1) for 15 min, and endogenous peroxidase was quenched with 3% H 2 O 2 for 20 min. After two washings, the sections were incubated with TdT enzyme at 37 °C for 60 min. This was followed by incubation with anti-digoxigenin-peroxidase for 60 min at room temperature, and color development with 3% H 2 O 2 and 3, 3' diaminobenzidine tetrahydrochloride (Sigma, St. Louis, MO) for 10 min, followed by three washes in milli-Q water. Then, sections were counterstained with 0.5% methyl green and dehydrated in butanol followed by xylene and then covered with Permount mounting medium (Fisher, Fair Lawn, NJ). Specimens of post-weaning mammary gland tissue from rats were provided by Chemicon to use as positive control tissue. Omission of TdT enzyme from the incubation buffers during processing constituted the technical negative control. Apoptotic cells were observed in cross-section in randomly selected microscopic fields at a final magnification of ×400.
Apoptosis Index
The percentage of TUNEL positive cells were calculated and used as the apoptotic index The individual numbers of TUNEL-positive cells per mm 3 were then averaged to obtain the group means. All slides were read by a single researcher who was blinded to the experimental conditions. Sections were imaged on a color digital camera (Model 1KH027799; Olympus, Dulles, VA) on a BX45 Olympus microscope using MagnaFire software (version 2.1; Olympus). In the muscle layer of the middle urethra, outer striated muscle and inner smooth muscle layers were morphologically identified as the separate layers, as reported in previous studies (6) .
Statistical Analysis
All data are expressed as means ± SE. Excessively large sneezes that induced increases in Pabd greater than +2 SD above the average and very small responses inducing increases in Pabd <3 cmH 2 O were excluded from data analyses as we previously reported (4, 5) . The values of the A-URS and UBP as well as increases in Pabd during sneezing were averaged in each rat. The mean ± SE in a group of animals was then calculated from the averaged value in each rat of the same group. Repeated measures analysis of variance (ANOVA) followed by Tukey's multiple comparison test was used to compare changes in A-URS and UBP as well as increases in Pabd during sneezing. In the evaluation of apoptotic index, Student's t-test for unpaired data was used. All data were analyzed using the statistical software package Prism (Graphpad Software, San Diego, CA, USA). P values <0.05 were considered to be significant.
Results
Animal and uterus weight
At 3 and 6 weeks after OVX in young rats, OVX rats had significantly higher body weights compared to time-matched young sham operated rats. Also, in middle-aged rats, the body weight of 6 weeks after OVX was significantly higher than in the intact group without OVX. In contrast, the weight of the uterus was significantly decreased at 3 and 6 weeks after OVX in both young (3 and 6 weeks) compared to intact and sham rats ( Table 1) , indicative of estrogen deficiency following OVX (7) .
Effects of OVX on urethral pressure responses in young and middle-aged rats
In young rats, A-URS was significantly decreased in 3 and 6 weeks after OVX compared to time-matched, sham operated rats (23.5 ± 1.7 vs. 33.1 ± 3.6 cmH 2 O and 14.6 ± 1.9 vs. 31.4 ± 2.8 cmH 2 O, respectively). UBP was significantly decreased only in 6-week OVX rats compared to sham rats (14.6 ± 0.9 vs. 27.0 ± 1.2 cmH 2 O).
In intact middle-aged rats without OVX, UBP, but not A-URS, was significantly smaller than in intact young rats without OVX (UBP: 18.3 ± 1.9 vs. 26.7 ± 1.7 cmH 2 O). In middle-aged rats with 3-week OVX, A-URS was significantly decreased compared to intact middle-aged rats or 3-week OVX young rats (16.2 ± 1.8 vs. 29.5 ± 3.9 or 23.5 ± 1.7 cmH 2 O, respectively, Table. 2). In addition, the reduction in A-URS 3 weeks after OVX was significantly larger in middle-aged rats versus young rats (Table. 2).
Effects of OVX on sneeze leak point pressure (S-LPP) in young and middle-aged rats
Neither of intact rats (young or middle-aged), young rats with 3-week OVX or sham rats leaked during sneezing. However, SUI during sneeze occurred in 2 of 8 middle-aged rats with 3-week OVX. At 6 weeks of OVX, sneeze-induced SUI was observed in 5 out of 8 young rats and 6 out of 8 middle-aged rats with S-LPP values of 71.5± 8.2 and 82.9 ± 5.9 cmH 2 O, respectively ( Table 3) .
TUNEL staining
To examine whether aging and/or OVX causes apoptosis in the urethra, the TUNEL assay was performed. Microscopic examination showed that in the sham operated rat urethra, TUNEL-positive cells were hardly detected (Figure 2a ). In contrast, in the urethra of middle-aged rats or those subjected to OVX, a number of TUNEL-positive apoptotic cells were observed. Positive staining was localized in the epithelium and sub-mucosal regions (Figure 2b, d) , and in the area of striated muscle fibers (Figure 2c ).
Apoptosis index (AI)
AI was significantly increased in urethral striated muscles, but not in the mucosa or smooth muscle, in middle-aged rats with or without OVX. OVX in young and old rats significantly increased AI in the mucosa (Figure 3 ).
Discussion
Previous clinical studies have demonstrated that advancing age is associated with decreased urethral sphincter function in women (8) and that a decrease in the number of striated muscle cells in the human rhabdosphincter is found with an increase of apoptosis of the muscle fibers in the urethra of aged women (9, 10) . However, the role of estrogen in urethral sphincter function remains controversial because it has been reported that hormone replacement therapy is not an effective treatment of postmenopausal SUI, with some reports showing even an adverse relationship (11) . This report provides evidence that functional and morphological changes in the urethra may contribute to the high prevalence of SUI associated with aging and estrogen deficiency. The results indicate that: (1) aging is more likely to impair baseline urethral function (represented by UBP) than the sneeze evoked urethral striated muscle reflex contractions (represented by A-URS), although degeneration of striated muscle shown by increased AI values occurs in middle-aged rats,
(2) OVX in young rats decreases A-URS even at an early stage (3 weeks postsurgery) and this effect increases further at 6 weeks when the animals exhibited SUI, (3) OVX induced significantly larger reductions in A-URS in middle-aged versus young animals and (4) OVX induces apoptotic changes (i.e., increased AI values) in the urethral mucosa of both young and middle-aged rats.
Although we did not check the serum estrogen concentrations, we observed increased body weight and decreased uterine weight after OVX compared with intact or sham operated rats in the present study (Table 1) , indicating the success of surgical estrogen deprivation by OVX since changes in body and uterine weight are reportedly correlated with serum estrogen levels (7, 12) . Moreover, Wang et al. (13) reported that the serum estradiol concentration of middle-aged (12 months old) female rats is not significantly different from young (3 months old) rats. Also, the uterine weight was similar between young and middle aged rats in this study ( Table 1 ), suggesting that the serum estrogen level is not decreased in 12 months old rats.
We investigated the effect of aging and estrogen deficiency on the urethral closure mechanism during the sneeze reflex to determine if these two factors have synergistic effects. Neese et al. (14) studied 12 months old OVX rats as a middle-aged model. Also, Wang et al. utilized 12 months old and 18 months old rats as middle-aged and aged groups, respectively, in their study (13) . Therefore, in this study, we used 12 months old rats as a middle-aged model. We previously examined the effect of estrogen deficiency on the urethral function in young rats (4) and showed that A-URS is decreased at an early stage (3 weeks after OVX) without inducing SUI during sneezing, and that further reductions of A-URS and UBP are associated with fluid leakage during sneezing at a later stage (6 weeks after OVX). This study further revealed that, prior to OVX, the UBP of middle-aged rats is lower than that of young rats, which is consistent with the results of clinical studies in post-menopausal women (15) . The effect of OVX-induced estrogen deficiency then further damages urethral function, leading to overt SUI in middle-aged rats with 3-week OVX, which was not seen in young rats with 3-week OVX. Taken together, these results suggest that aging and estrogen deficiency can additively impair the urethral continence mechanism to induce SUI under stress conditions such as sneezing.
In functional testing in the present study, middle-aged rats (12 months old) showed a reduction in UBP without affecting A-URS; whereas OVX progressively reduced both A-URS and UBP. We previously reported that increased urethral pressure during sneezing (i.e., A-URS) is mediated by striated muscle contraction of the external urethral sphincter and the pelvic floor due to activation of the pudendal nerves and the somatic nerves innervating the pelvic floor muscles, respectively (3). Thus, the decrease in A-URS after OVX in this study indicates impaired striated muscle-mediated continence mechanisms.
In contrast, UBP seems to reflect urethral smooth muscle activity since in our pervious study the increase in UBP was blocked by α-adrenoceptor antagonists such as prazosin or by hypogastric nerve transaction (3, 16) . Thus, UBP is likely to represent the baseline, coapting urethral function including urethral smooth muscle activity. Thus, our results suggest that OVX and the aging process affect the baseline urethral coapting function as evidenced by the reduced UBP values and that OVX additionally impairs striated muscle mediated urethral continence mechanisms (i.e., A-URS reduction) in middle-aged rats.
These results seem to be in line with the findings in previous studies that aging and estrogen deficiency induce functional and morphological changes in the urethra, resulting in SUI in a rat model (17) and that the urethral pressure profile measurement revealed a lower maximum urethral closure pressure in long term (9 months) OVX rats compared to control animals (18) .
Apoptosis is the most common form of physiological cell death and plays an important role in normal development and homeostasis of various tissues (19) , and has also been linked to a wide variety of pathophysiological conditions (2) . TdT-mediated dUTP-biotin nick end-labeling (TUNEL) methods are widely used for the detection of apoptotic cells. In the current study, apoptosis was examined to explore the changes in the urethral structures during the aging and estrogen deficiency process. Our results showed that the number of TUNEL-positive apoptotic cells in the striated muscle was increased in middle-aged rats. These results are consistent with previous clinical observations in cadavers of elderly people showing that an age-dependent increase of apoptosis of the striated muscle fibers is associated with a decrease in the number of striated muscle cells in the human rhabdosphincter (9, 10) . However, in this study, the striated muscle activity of the urethral sphincter in response to sneezing (ie., the A-URS) was not significantly changed in middle-aged rats (12 months old) despite the increased AI values of the urethral striated muscle. Thus it is likely that, in rats at the age of 12 months, even though apoptotic changes have already started in the urethral striated muscle sphincter; the neurally evoked continence reflex mediated by striated muscle contraction is still functioning. Further studies using rats older than 12 months may be needed to clarify the functional aspect of apoptosis-related changes in the urethral striated muscle sphincter during the aging process.
The present study also found that the number of apoptotic cells significantly increased in the mucosa after OVX, which is consistent with the results in a previous study by Resplande et al. showing a similar increase in the number of apoptotic cells in the rat urethral mucosa 9 months after OVX (18) . Estrogen receptors are widely distributed in the urogenital organs (20, 21) and, in female rats, apoptosis is observed not only in the urethra, but also in the vagina and bladder after OVX (20, 21) . Thus, these apoptotic changes in the urethral mucosa due to estrogen deficiency might contribute to the impairment of mucosal coaptation and/or the decrease of vascularity and tone of the urethra, which could reduce the baseline urethral resistance (i.e., decreased UBP) (4).
However, this study also showed that UBP was reduced in middle-aged rats without inducing apoptotic changes in the urethral mucosa. We have recently reported preliminary results showing that the reduction of UBP in middle-aged rats is associated with the remodeling of the urethral extracellular matrix (ECM) including reductions in collagen (type 1 and 3) and lysyl oxidase (22) . These results suggest that the reduction in baseline urethral resistance (i.e., decreased UBP) in middle-aged rats is due to ECM remodeling, which may attenuates stiffness and elasticity of the urethral supporting system, although further studies are needed to clarify this point.
In addition to direct effects on the urethral target organs, OVX can also influence the neural control of the urethra. This has been detected as a change in the bursting pattern of the external sphincter electromyogram (EUS EMG) as well as a change in voiding function (23) . In rats 4-12 weeks after OVX, the silent period of the EUS EMG and voiding efficiency are significantly reduced, and postvoid residual volume is increased. These changes that were prevented by estradiol treatment are most likely related to an alteration in hormone sensitive central neural mechanisms that coordinate bladder and sphincter activity.
Similar neural changes could contribute to the reduction in sneeze evoked A-URS after OVX.
There are some limitations of our study. First, we used 12 months old rats to examine the effects of aging process on urethral function. However, they are still in their middle age; therefore, future studies are needed to study rats older than 12 months to further clarify the age-related pathophysiology of SUI. Secondly, OVX rats were used to induce estrogen deficiency because Wang et al. (13) reported that the serum estradiol concentration of middle-aged (12 months old) female rats was not significantly different from that of young (3 months old) rats. However, the complete lack of estrogen induced by OVX may not represent the situation in peri-to post-menopausal women, whose estrogen levels are gradually decreased. Lastly, although we focused on apoptotic changes associated with aging and estrogen deficiency in this study, other mechanisms such as nerve or muscle dysfunction and changes in extracellular matrix proteins (e.g., collagen or elastin) could contribute to urethral dysfunction after aging and estrogen deficiency. Further studies are necessary to elucidate other potential mechanisms than apoptosis that underlie the age or estrogen deficiency-related urethral dysfunction leading to SUI.
Conclusion
Our results indicate that the aging process and estrogen deficiency differently affect the baseline urethral function and the neutrally-evoked, striated muscle-mediated urethral continence mechanism to induce SUI under stress conditions such as sneezing.
Thus, these two etiological factors may additively contribute to the emergence of SUI in post-menopausal women. Table 1 Animal and tissue weights in young and middle-aged rats Values (g) are means ± SE. * P < 0.05 versus time-matched sham operated rats, † P < 0.05 versus intact aged rats. (n=8-12) Sham; sham operated rats, OVX; ovariectomized rats Table 2 Urethral functions of different groups of rats All values are expressed in cmH 2 Table 3 The number of SUI rats and S-LPP (mean ± SE cmH 2 O in parentheses) of different groups of rats
Figure legends
Values are means ± SE. Sham; sham operated rats, OVX; ovariectomized rats
